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Outline

= Background
« South Napa earthquake fact sheet

« Overview of seismic hazard in the San Francisco Bay
Area

= Overview of the South Napa earthquake

« Accessing openly available information after an
earthquake

« Seismological details emerge ...

= Simulations of ground motions using SW4 on
LLNL's HPC
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South Napa Earthquake Fact Sheet

August 24, 2014 3:20:44 local (10:20:44 UTC)
Ruptured surface ~12 km along West Napa Fault

- Hypocenter southwest of Napa

Caused (much) greater than $100M damage
« More than 50 buildings red-tagged, 100 yellow-tagged

1 fatality, over 100 injuries

Tested current systems for real-time monitoring and
rapid response

Large enough to cause wide-spread damage

- But no where near the devastation expected foran M ~ 7
Hayward, Rodgers Creek or San Andreas earthquake

Lawrence Livermore National Laboratory T,



Geology matters ... east vs. west US
Did You Feel It?

M6.0 earthquake
., . .. Central California
;ﬁ cSept 28, 2004

_,g,'. M5.8 earthquake
Central Virginia
Aug. 23, 2011

Stars show epicenters
and dots show where
people reported at least
weak shaking.

science for a changing world
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Engineering, building design and
constructlon oractice matter ...

CHINA™ CALIFORNIA

| Deaths. 619 Deaths: O Compares recent

0o A o — M ~ 6 earthquakes in
. ,f, o A the US and China

i *Il‘ﬂ

Homes destroyed 25, 800

p ~ |
.__—4L ,’ g " . /)
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So. Napa M 6.0
Yunnan, China M 6.1

CALIFORNIA

Homes destroyed 4K

http://www.vox. com/2014/8/26/6069921/watch -what-a-6-magnitude-earthquake-does-in-china-vs-the-us ,
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in SF Bay Area ey
63% chance for one or more v 63% |
My, 6.7 or greater events i

between 2007 and 2036

Hayward & Rodgers Creek
Faults are the most likely (31%)

Pacifica '}(“\\ )\
N

NNMates

Citation:

The Uniform California Earthquake .{.

Rupture Forecast, Version 2 (UCERF 2) 0

2007 Working Group on California ML Prosaity of magniuce

Earthquake Probabilities e 290 n e

USGS Open File Report 2007-1437 T — o

along fault segments

Expanding urban areas Monterey
Y

Lawrence Livermore National Laboratory (L RS e



Population is
exposed to hazard

2000 Population Density for the San Francisco Bay Region

2000 Census Block Group
Persons per 30m pixel
I 0.00006-0.5
I 0.50- 1.00
[ 1.00-2.00
| 2.00-3.00
3.00-4.00
4.00-5.00
| 5.00-7.00
I 7.00- 10.00
B 10.00- 15.00
B 15.00- 146.00
Zero Population - Exclusion
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SAN FRANCISCO BAY REGION
EARTHQUAKE PROBABILITY
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~earthquakes from 2007 to 2036.
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Lawrence Livermore National Laboratory

Probability of magnitude
6.7 or greater quakes
before 2036 on the
indicated fault

Increasing probability )
along fault segments

- Expanding urban areas

]
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Focusing on SF North Bay
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West Napa Fault not on
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The West Napa Fault was identified as
actlve capable of M 6 event

West Napa Fault System [y}

——— Fault scarp :\ .

——— Lineament (acnve NG

—— Fold

USGS Q faults Database |3
<1.6Ma ¢

<130 ka

probability
magnitude

West Napa |
fault defined

- as active.

~ " From Prof Mike Oskin (UCD) \ fop—, |
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The Sep. 3, 2000 M 5.1 Yountville
Earthquake

39°
Produced strong -
shaking in Napa Valley, '
especially in sediment-
filled alluvium geologies
. 38°
ShakeMap — provides
rapid broadcast of
ground shaking
everywhere near the -
event, based on '
recorded data, expected -123°
behaVIOI" and Some PROCESSED: Tue Jul 24, 2001 11:08:48 AM PDT,
geOIOg|C structure PERCEIVED  INot felt| Weak | Light [Moderate| Strong |Very strong|  Severe Violent | Extreme
PSX,\EA"AEQL none none none | Verylight| Light Moderate |Moderate/Heavy| Heavy [Very Heavy
PEAKACC.(%9) | <17 |.17-1.4] 1.4-3.9| 3.9-9.2 | 9.2-18 18-34 34-65 65-124 >124
PEAK VEL.(cm/s)| <0.1 [(0.1-1.1| 1.1-3.4 | 3.4-8.1 | 8.1-16 16-31 31-60 60-116 >116
INSTROMENTALT | [ | v v Vi Vil v [ e
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The Aug. 24 2014 M 6.0 South Napa

Earthquake

Produced strong

shaking in Napa Valley,
especially in sediment-
filled alluium geologies

ShakeMap evolves over
time as details emerge

Lawrence Livermore National Labor:

38.5°

37.5°

CISN ShakeMap : 6.4 km (4.0 mi) NW of American Canyon, CA
Aug 24, 2014 03:20:44 AM PDT M 6.0 N38.22 W122.31

Depth: 11.7km

ID:72282711

-123° -122°
Map Version 29 Processed 2014-09-03 02:27:06 PM PDT
Pgﬁgﬁm&" Not felt| Weak | Light [Moderate| Strong |Very strong| Severe Violent | Extreme
Pg}ﬂfgg‘- none none none | Verylight | Light Moderate | Mod./Heavy | Heavy [Very Heavy
PEAK ACC.(%g) | <O0.1 0.5 24 6.7 13 24 44 83 >156
PEAK VEL.(cnv/s) | <0.07 0.4 1.9 5.8 11 22 43 83 >160
INSTRUMENTAL

Scale based upon Wald, et al.; 1

999



Mainshock location, mechanism and
surface rupture

38°30'

Events are routinely and automatically
! located by the Northern California Seismic
by UCB and USGS

Mechanism from BSL,
Prof. Doug Dreger

|

gt

ey,
e

Possible directions
of slip

-122°30' -122°00'

Surface rupture mapped by Prof. Mike Oskin (UCD)
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Mainshock and aftershock locations and
mechanisms with surface rupture

38730

AR

Routine event locations
(USGS, NCSN) after
two weeks

edeN

Fairfield

Vallejo

38°00'

-122°30' -122°00'
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Openly available, rapid information from
USGS web pages

= USGS National Earthquake Information Center
- http://earthquake.usgs.gov/earthquakes/map/

= Event page
« Summary information about events
— When, where, how big ...
- ShakeMap - intensity of shaking
— http://earthquake.usgs.gov/earthquakes/shakemap/

« PAGER - Prompt Assessment of Global Earthquakes for
Response

— http://earthquake.usgs.qov/earthquakes/pager/
 DYFI - “Did You Feel It?”
— http://earthquake.usgs.gov/earthquakes/dyfi/

Lawrence Livermore National Laboratory LLNLPRES xo0re



ShakeMap

Produced strong
shaking in Napa Valley,
especially in sediment-
filled alluvium geologies

ShakeMap — provides
rapid broadcast of
ground shaking
everywhere near the
event, based on
recorded data, expected
behavior and some
geologic structure

CISN ShakeMap : 6.4 km (4.0 mi) NW of American Canyon, CA
Aug 24, 2014 03:20:44 AM PDT M 6.0 N38.22 W122.31

39°

38.5°

38°

Depth: 11.7km 1D:72282711

37.5°
-123° -122°
Map Version 29 Processed 2014-09-03 02:27:06 PM PDT
PERCEINED | Notfelt| Weak | Light [Moderate| Strong |Very strong| Severe | Violent | Extreme
PSXEAT(';‘EL none none none | Very light Light Moderate | Mod./Heavy | Heavy | Very Heavy
PEAK ACC.(%9) | <O0.1 0.5 24 6.7 13 24 44 83 >156
PEAK VEL.(cmv/s) | <0.07 0.4 1.9 5.8 11 22 43 83 >160

INTENSITY

Scale based upon Wald, et al.; 1

999
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PAGER

Combines ShakeMap ground motion
estimates with population exposure

Provides estimate of fatalities and
economic losses

% USGS Earthquake Red

Shaking Alert
science for a changing world

M 6.0, 6.8 km (4.2 mi) NW of American Canyon, CA
Origin Time: Sun 2014-08-24 10:20:44 UTC (03:20:44 local)
Location: 38.22°N 122.31°W Depth: 11 km

AID

FROM THE AMERICAN PEOPLE

PAGER
Version 26

Created: 4 days, 4 hours after earthquake

Red alert level for economic losses. Extensive
damage is probable and the disaster is likely
widespread. Estimated economic losses are
less than 1% of GDP of the United States. Past
events with this alert level have required a
national or international level response.

Estimated Fatalities

76%

ol

Green alert level for shaking-related fatalities.
There is a low likelihood of casualties.
1 100

10

1,000 100,000
Fatalities

Estimated Economic Losses

o e35%
10% = =
2% < (3]

1 100

10 1,000 100,000
USD (Millions)

Estimated Population Exposed to Earthquake Shaking

ESTIMATED POPULATION . d
EXPOSURE (R =x1000] 4,881k* | 3,281k 370k 145k 52k 82k
AT EPORIEIED -y ) Vi Vil Vil
PERCEIVED SHAKING Not felt | Weak | Light |Moderate| Strong | Very Strong Severe Violent | Extreme
POTENTIAL Sﬁ?&(‘:ﬁarg‘s none none none V. Light Light Moderate Moderate/Heavy Heavy V. Heavy
DAMAGE ‘ém‘;‘:{fﬂ: none none none Light Moderate | Moderate/Heavy Heavy V. Heavy | V. Heavy

“Estimated exposure only includes population within the map area.

Population Exposure
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population per ~1 sq. km from Landscan

Structures:

Overall, the population in this region resides
in structures that are highly resistant to
earthquake shaking, though some vulnerable
structures exist.

Historical Earthquakes (with MMI levels):

Date Dist. Mag. Max Shaking
(UTC) (km) MMI(#)  Deaths
1983-05-02 284 5.7 | VIlI(1k) 0
1980-01-24 76 5.8 VII(31k) 1
1989-10-18 132 6.9 [KERNN 62
Recent earthquakes in this area have caused

secondary hazards such as landslides and
liquefaction that might have contributed to
losses.

Selected City Exposure

from GeoNames.org

twood
BerRe[ey 4 . gl MMI City Population|
€t : A ’ - VIl Napa 77K
. S‘a A FEI,ML%OO mi 'l *p VIl Yountville 3K
ayw‘%ﬁ&ermore T VIl American Canyon 19K
| i A VI El Verano 4K
i »..=—kzm=| B VI Sonoma 11K
25 BOY| | Vi Temelec 1K
" IV Oakland 391K
IV San Francisco 805K
Il Sacramento 466K
Il Fremont 214K
Ill_Stockton 2924
PAGER content is automatically generated, and only considers losses due to structural damage. bold cities appear on map (k = x1000)

Limitations of input data, shaking estimates, and loss models may add uncertainty.
http://earthquake.usgs.gov/pager

Event ID: nc72282711

Lawrence Livermore National Laboratory
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USGS Community Internet Intensity Map

D i d YOU F ee I it? NORTHERN CALIFORNIA
u Aug 24 2014 03:20:44 AM local 38.2202N 122.3128W M6.0 Depth: 11 km ID:nc72282711

DYFI R O TR eenes

40°N 40°N
Based on internet reports at
DYFI website
Estimates Modified Mercalli
Intensity (MMI) based on B .
reported shaking intensity |
Geo-coded by ZIP code

36°N - 36°'N

LD

41311 responses in 617 ZIP codes and 3 cities (Max CDI = VIII)|

126'W 124'W 122'W

wievsry | 11k V] V] W

SHAKING |Not felt| Weak | Light |Mocderate| Strong |Very strong Severe Violent | Exireme

DAMAGE | nome | none | nome | Verylight | Light | Moderate |Moderate/Heavy| Heavy | V. Heavy

Processed: Tue Sep 16 18:07:11 2014
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USGS Community Internet Intensity Map

— u
D [ d YOU F ee I |t? NORTHERN CALIFORNIA
" Aug 24 2014 03:20:44 AM local 38.2202N 122.3128W M6.0 Depth: 11 km ID:nc72282711
i 1 ,

DYFI (zoom) 'k N
Some ZIP codes provide :
38.5°N - 38.5°N
strange results ...
38°N - 38°'N
37.5°N 1 1311 responses in 617 ZIP codes and 3 cities (ax CDI = VIIT) - 37.5'N

123'W 122.5°'W 122°W 121.5°'W
INTENsTY |1 | LRI | IV v Vi Vit

SHAKING |Not felt| Weak | Light |Mocderate| Strong |Very strong Severe Violent | Exireme

DAMAGE | nome | none | nome | Verylight | Light | Moderate |Moderate/Heavy| Heavy | V. Heavy

Processed: Tue Sep 16 18:07:42 2014
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Did You Feel it? DYFI: looking at your

neighborhood

Aug 24 2014 0

USGS Community Internet Intensity Map

NORTHERN CALIFORNIA

3:20:44 AM local 38.2202N 122.3128W M6.0 Depth: 11 km ID:nc72282711
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Lawrence Livermore National Laboratory
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i, |
A 11 HEHHH
oy - 3 in 4573 blocks (Max CDI = VIII } e 100 & [ 37.5°N
San-Francisco Eﬁ: H o H sponses in ocks ( a@q( | = ) ) m
HH : :J oo \7 ‘ ‘ ! ‘ ‘ ‘ ‘
Eaaaapdes = iﬂi il 23°'W 122.5°W 122°'W 121.5°"W
Dat ! O | -1 | v Vv Vi Vi viil
i O H,,, I . .
E:j ””m ,__,‘j” Not felt| Weak | Light |Moderate| Strong |Very strong Severe Violent | Extreme
I H (m]
Ktiﬂt ’:%‘#H‘%D H yV ﬁd_q‘ o none | none | none | Verylight| Light Moderate |Moderate/Heavy| Heavy V. Heavy
tﬁ:%%“ ! %’”“'L‘H’H;L‘ ~led Sep 17 05:53:03 2014
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Earthquake Early Warning (EEW):
How it works (1)

P-wave

(first felt) Earthquake Early Warning Basics

In an earthquake, a rupturing
fault sends out different types
of waves. The fast-moving
P-wave is first to arrive, but
damage is caused by the slower
S-waves and later-arriving
surface waves.

3A message from the alert center is
immediately transmitted to your
computer or mobile phone, which
calculates the expected intensity
and arrival time of shaking at your
location.

2 Sensors detect the P-wave and
immediately transmit data to an
earthquake alert center where the
location and size of the quake are
determined and updated as more
data become available.

S-wave
(damaging)

2014/98/24 Napa Eq, station: 1760 - Velocity
—— T

L 1760

HNE

10:20:44.030 -

First .
e/( W
a;,@

8
T
I

N>

Ground Velocity, cm/s
=

10:20:44.030 -

Time ofter event, seconds

Fault

Y

Epicenter&

o
!.‘
0
o
5
o
>

|
Earthquake

Sensors alert center

NS-wave NP-wave

__ Sensors positioned
about 6-12 miles apart

Lawrence Livermore National Laboratory
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Earthquake Early Warning (EEW):
How it works (2)

20

Nearby station 3 km 0
from hypocenter

=20

~
[w>)

o

Ground Velocity, cm/s
S

|
N
o

Velocity

2014/08/24 Napo Eq,
T | T | T

station:

NHC -

NHC
HIE ]
10:20:44.030 ]

NHC
HNN ]
10:20:44.030 ]

NHC
HNZ ]
10:20:44.030 ]

38°

60
Time after event, seconds

80 100 120

Lawrence Livermore National Laboratory

Detection, location,
magnitude estimated
from = 4 nearby stations

in|5-10

seconds

Distant station (Berkeley)

station: BKS - Velocity

o
[$2]

o
o

|
o
won

2014/08/24 Napa Eq,
T | T | T

BKS

o o
o o

|
o
n

Ground Velocity, cm/s

0.9+

0.0

-0.9

BKS
BHZ
10:20:44.030

| | |
60 80 100
Time after event, seconds
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EEW worked well for the South Napa
earthquake

) 5 > ] - il 3
; play ¥ .

Event PLAYBACK 15178
OnginTime Sun Aug 24 1 3:20:44 POT 20
Location is 23 mibes (37 km) WNW of yo

http://www.youtube.com/watch?v=muXhT3FTrJI

http://newscenter.berkeley.edu/2014/09/04/time-for-statewide-earthquake-early-warning-system-is-now/

Lawrence Livermore National Laboratory LN Pres oo 7



More distributed sensors will help EEW

wi.. AT&T LTE 6:47 PM @ 7 34%ED

Southy
Sacra

Clarkst

Seismological oyis
- Laboratory

-123°
USGS, Existing seismic stations
(not all real-time) (US Mobile phones are ubiquitous!

Lawrence Livermore National Laboratory LLNL-PRES xcos0



Jawbone® activity monitor data show
how quake woke up SF Bay Area

80%
Q
ik
)
s
0]
‘;Q 60%
o
o
o))
s
% 40% [~
S
g |
— 0-25 mi
20% /7 — 25-50 mi
— 50-75 mi
— 75-100 mi
0%
9:00pm 11:00pm 1:00am 3:00am 5:00am 7:00am 9:00am

Local time Sunday August 24, 2014
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Further geologic, seismological &
geophysical data and models emerged ...

Lawrence Livermore National Laboratory L res o



Geodetic displacements observed by

permanent GPS stations

3781

376

374

L 'l L ’N. > A .L e
-i232 -123 -1228 -1228 -1224 -1222 -122 -1218 -12186

Solutions from 5 Minute Sample Rate Time Series
Available Day After Earthquake

Cyan = over 1 sigma, Magenta = over 2 sigma

Solutions from 24 Hour Sample Rate Time Series

Available 2 Days After Earthquake

3781

376

& \&\l\ " \ T
386 K k
\ |
‘ { \ PZSS @ucm
\ ‘\

IXN aﬁPZGB

374 -
-1232 -123

1 1 A ~ ‘.""c O 1
-1228 -1226 -122.4 -1222 -122
Cyan = over 1 sigma, Magenta = over 2 sigma

-121.8 -121.6

Lawrence Livermore National Laboratory
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atellite geodesy: INSAR (Interferometric
ynthetic Aperture Radar) — big picture

INSAR Line-of-sight_
Displacement .

12%7”% o %8 136}_:) -

%
%

N\
i ;

te1982¢°

., W =~ Google earth
Data SIOSNOAAUSS, NaWWaNGA CEBCO . -

Image/Landsat
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UAVSAR system - allows
timely, detailed view

Santa Rosa

) A

Using an airborne radar to study earth science (earthquakes, volcanoes,
vegetation, hydrology, ice, etc.), with emergency response potential

o |
San Frantisg 4’%

5
. IR
4 :

J
¢
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West Napa Earthquake

Fi n |te fau It mode |s - Mw 6.0 (1.17€25 dyne cm) August 24, 2014

0
events of this size not point sources
(d)o Eastlng (km) Tlme (s) :E: 5 L
E 4000 - §10 =
1o | :
° oIS i 12 Dreger UCB/BSL
2 ruoo | Taira UCB/BSL (seismic inversion)
16000 (SeismiC eGF) 0 _10 l 10 |

‘ distance along strlke (155-deg, km)

Slip (m)

0 10000 20000 30000
Distance Mﬁé%?ﬁke (m) —:ﬂ:ﬂ
. 0 30 60 90
0 5101520253035404550556065 . i
Slip (cm) Strike =341 Slip (C’ﬂlle =176
1.2
1
’\.‘3,.‘\ E 0.8
.g 40.6
(7]
Pollitz & Murray | 10 =
(USGS) » Barnhart USGS -
FE—— meters M (geodetic GPS inversion)
000 025 050 075 1.00 0
-122.38W 12227W
38.39N 38.11N
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Comparison of surface and sub-surface
slip

Observed surface slip
(several researchers)

Offset (cm)

Inferred sub-surface slip
From GPS geodetic data
(Bill Barnhart, USGS)

Depth (km)

-122.38W “122.27W
38.39N

38.11N
Slip measurements: Morelan, Trexler, Brooks, Hudnut, Lienkamper. Model: Barnhart

Lawrence Livermore National Laboratory "
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Springs near Green Valley Fault activated
by the earthquake ...

¥
g G |

Green Valley

LT

Prof. Chi Wang (UCB) at Tuteur Ranch, Napa &

Lawrence Livermore National Laboratory o
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Computer Simulations of Ground Motion
using LLNL’s SW4 code on LC HPC

Lawrence Livermore National Laboratory L res o



The pieces for 3D ground motion
simulation Py =V T +F(t)
= \Wave propagation method & code _ y

= 3D Earth model

= Source model

= High-performance computers

= Data to evaluate and validate the
numerical method and the 3D model

2

5‘ 0' ICC.E.syn
-2
O

Lawrence Livermore National Laboratory LLNL-PRES oo



We use SW4 — LLNL’s anelastic finite
difference code for seismic simulations

= SW4 is based on summation-by-parts algorithm
- displacement formulation, proven energy stability, parallel

= Uses 4t order scheme in space and time
- WPP used a 2" order scheme
« Improved behavior with higher vp/vg (< 5) ratios

= Verified against canonical problems

= |[ncludes
- Anelastic attenuation (Qp & Qg)
« Surface topography
- Various ways to specify sources & 3D material model

Lawrence Livermore National Laboratory LLNLPRES-0oose



Computational Domain

EVENT: 72282711 2014/08/24 10:20:44.03 M,, = 6.02
Domain X: 50000 Y: 50000 Z: 30000 h: 50 (meters)
Vgmin =400 m/s ; PPW: 8 ;f ., =1Hz

Dimensions: 50 km x 50 km x 30 km
centered on event hypocenter

Grid spacing, h =50 m

Number of grid points: ~ 0.5 billion
Miminum wavespeed, vsmin = 400 m/s
Maximum frequency = 1 Hz (8 PPW)

Stations:

BK, NC, GPS network sites (white triangles)
grid w/ 5 km spacing (black triangles3ource

-122°

Lawrence Livermore National Laboratory LLNL-PRES xoomor



Simulations investigate how various
factors impact the ground motion

= Source model

 Point source, BSL moment tensor (Dreger et al.)
— Full moment tensor or double couple (strike, dip, rake)

« Finite slip model (Dreger)

= Material model

« 1D (average GIL7 model of Dreger, Pasyanos et al.)
« 3D Etree model (USGS, Brocher, Aagaard, Jachens et al.)

= Attenuation is included in these simulations
- 3D Q from USGS ETREE model (version 08)

= Topography

Lawrence Livermore National Laboratory LN PREs o 7



Sub-surface material model: USGS 3D
etree-formatted model

North

Toography

Different rock types Faults

Lawrence Livermore National Laboratory  Nieres g &



USGS 3D sub-surface material model:
shear velocities at surface and depth

Shear Velocity
4 :. \  Computational | SAF HF GVF
' \\ ‘ Domain B SPB B’

0 0 2 30 4 %N 6 70 00 110 120 130 140
e il 0 [
Y : 2
> ¥
4
a

Detailed

in the Top 100 m Shear Velocity Cross-Sections

39

Depth, km

. Upto 2x
variation
at depth

Up to 12x
variation at
surface

2 3
Shear-Velocity, km/s

SAF HF GF
A Range";m I;V . CV e,

0 10 20 0 40 50 60 80 10 120 130 1

37

SAF = San Andreas

HV = Hayward Fault

GV = Greenville Fault

GVF = Green Valley Fault

SRV = Santa Rosa Valley

SPB = San Pablo Bay

LV = Livermore Valley

SCV = Santa Clara Valley

CV = Central Valley

36 ul
-123 -122 -121

A I — ]
200 800 1400 2000 2600 3200
Shear Velocity, m/s

Depth, km
Depth, km

2 3
Shear-Velocity, km/s

Lawrence Livermore National Laboratory LLNL-PRES x0o00!



Sub-surface material model: comparison
of depth profiles from USGS 3D & 1D (BBp)

Density (kg/m3), vg and vp Wavespeeds (m/s)
0 1000 2000 3000 4000

- Napa Valley sediments

€

8 ao00- Berkeley - are ~1000 m deep
ol sy |
12000 - 1 D
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1D model from
0 1000 | 2000 3000 4000 PEER Broadband

Shear wavespeed (m/s) Platform (BBP)
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Geography near the event, with
topography and vs at surface

L. Berryessa

Vg, M/S

@-

o
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“Basin” depth (depth to v = 1000 m/s)

Basin depth in Napa Valley
approaches 1000 m

Note sharp drop in basement
depth near South Napa
earthquake rupture

Sediment thickness > 1000 m
under San Pablo Bay

East Bay Hills (east of Hayward
Fault) has low wavespeed

T ¢
-122°45' -122°30' -122°15' -122°0

(E— o E— ; l —
0 200 400 600 800 1000 1200 1400

Depth rel. topography (m) to vg = 1000 m/s
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Basin depth (v = 1000 m/s) close-up
hear Na ashows sharp features

Surface (g Basin depth in Napa Valley is
rupture ™ greater than 1000 m
BSL MT’s ......s Note sharp drop in basement

::@tﬂ\: ‘ ' \ ' : k': depth near southern end of
' A ‘ South Napa earthquake rupture

72 1

Sediment thickness > 1000 m
under San Pablo Bay

i 3 .
-122°30' -122°15' -122°00'

0 200 400 600 800 1000 1200 1400
Depth rel. topography (m) to vg = 1000 m/s
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Mainshock: Doug Dreger’s finite source
model

120

Preliminary Finite-Source Slip Model Aug 24, 2014 West Napa EQ ,*' 100

Mo=1.22e25 dyne cm Mw=6.0 80
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ShakeMap (Peak Ground Velocity)
reported (left) and simulated (right)

CISN ShakeMap : 6.8 km (4.2 mi) NW of American Canyon, CA

Aug 24, 2014 10:20:44 AMUTC M 6.0 N38.22 W122.31
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Mainshock waveform comparisons:
station by station

Source model is Dreger (2014) ...,
finite slip model from BK strong
motion

k - iin L :

38°15' gy

Data & Synthetic

Both filtered 0.1-1.0 Hz

Plotted vertical, north & east -
38°00' ;‘ Ny

Stations shown in following

clockwise from NHC

37°45'
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Mainshock waveform comparisons

[velocity]
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Mainshock waveform comparisons

[velocity]
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Mainshock waveform comparisons
Model: 1D_BBP (left) & 3D _ETREE (right)

[velocity] [velocity]
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1D model response is very simple This path is affected by Napa
RELATNE. MODE RELATNE  MODE VaIIey basin, 3D model fits well
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Mainshock waveform comparisons

[velocity]
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Mainshock waveform comparisons

[velocity]
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Quantitative comparison of data and
synthetics fqr 1D and .3D mloldels
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Aftershock Aug. 26, 2014 12:33:16 GMT
(Evid = 72284586, M, 3.9)

Source model is BSL moment
tensor

Data & Synthetic
Both filtered 0.1-1.0 Hz
Plotted vertical, north & east

38°15' gUilT
If

Stations shown in following
clockwise from NHC
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Aftershock waveform comparisons
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Aftershock waveform comparisons
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Aftershock waveform comparisons
Model: 1D _BBP (left) & 3D _ETREE (right)
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ringing basin surface waves
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3D model can predict some
basin surface waves, good
timing & amplitude predictions

Station NC.N016 18 km
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Aftershock waveform comparisons
Model: 1D_BBP (left) & 3D _ETREE (right)
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NCC.E.syn

Velocity, cm/s
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Path across San Pablo Bay
RELATNE. MODE RELATIVE MODE is well fit by 3D model!

Station NC.NCC
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Observed (GPS, left) & simulated (right)
horizontal displacements

Solutions from 5 Minute Sample Rate Time Series \UN: 72282711.SLIP.3D_ETREE.FLAT.Q.400.100.SW4
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Conclusions on simulations of recent
South Napa earthquakes

= Initial comparison of observed and simulated
seismograms looks very encouraging
« Dreger source model looks good for frequencies < 1 Hz
« 3D paths effects are important

 Paths to the south are not well fit by 3D model, possibly
due to basin-edge effect

= Modeling M,y 3.9 aftershock shows that the 3D
model can fit quite well, but may need adjustments

= Fits for paths crossing San Pablo Bay are well fit for
both mainshock and aftershock

Lawrence Livermore National Laboratory LN PREs oo 7



Further work is needed ...

Investigate different rupture models, including variations/
perturbations of Doug’s model

 Are there other rupture models to consider?
— e.g. from strong motion, geodetic, teleseismic data?

Simulate more aftershocks to evaluate 3D model
« Re-visit aftershock mechanisms

Make more quantitative measures of goodness-of-fit
« e.g. waveform misfit, PGV, Sa, etc...

Compare geodetic displacements (obs. & sim.)

Consider computing 3D Greens functions for source
inversion for local strong motion and static displacements

Improve USGS 3D model through waveform tomography

Lawrence Livermore National Laboratory LN PREs ook 7



What about seismic hazard at LLNL ...

= “Livermore earthquakes” on Greenville Fault
caused $10M damage ($11 M total)

« January 1980 M 5.8 and 5.6 earthquakes

« Simulations of these events with modern tools,
validation would be very interesting

= Could LLNL benefit from EEW?

« How could warning time be reduced?
— Seismic network improvements
— Notification alert through cell phones

Lawrence Livermore National Laboratory
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Jan. 24 1980 Livermore ruptured toward
LLNL

CISN Rapid Instrumental Intensity Map for Livermore Earthquake

Thu Jan 24, 1980 11:00:08 AMPST M 56 N37.64 W121.77 Depth: 10.5km |D:Livermore
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